Simulating fully resolved Horizontal Axis Tidal Turbine (HATT) geometry for a time period great enough to resolve a fully developed wake, and accurately predict power and thrust characteristics, is computationally very expensive. The BEM-CFD method is an enhanced actuator disk and is able to reduce the computational cost by simulating a time averaged downstream velocity field. Current implementations fall short of accurately determining tip losses, which are a function of the hydrofoil geometry. This work proposes a method of addressing this shortfall by modifying the angle of attack to conform to the constraints outlined in Prandtl's lifting line theory, i.e. the zero lift angle of attack at the hydrofoil tip. The revised model is compared to existing BEM-CFD methods and validated against experimental data. The revised BEM-CFD method presented in this work shows a significant improvement over previous BEM-CFD methods when predicting power and thrust. The coefficient of power is reduced from 0.57 (approx. 30% above experiment) to 0.44 (approx. 3% above experiment). An increase in turbulence intensity in the rotor region, in particular at the wake boundary, improves the recovery of the wake without the addition of empirical turbulence source terms. Good correlation with experimental results for power, thrust and wake prediction, is observed. The model may also be applied to wind turbines.
Introduction
Tidal stream renewable energy is becoming an increasingly viable source of energy production, as knowledge and technology in this sector develops. Tidal stream power generation has emerged in recent years as a potentially reliable form of renewable energy due to the predictability of tidal periods and magnitudes [1] . While many tidal sites across the world are being identified with economically attractive levels of energy extraction, the UK is of particular interest due to the high concentration of available resource [2] . To meet the growing requirements of this sector, investment in improving current tidal stream power extraction knowledge and technology is necessary. This can be achieved through the study of practical experiment, or numerical and analytical modelling [3e5] .
Although laboratory experiments cannot truly mimic complex offshore conditions, they are very convenient due to significantly lower costs compared to offshore deployments. Laboratory experiments provide a platform for collecting accurate and repeatable data. In contrast, Computational Fluid Dynamics (CFD) modelling has the potential to simulate the effect on environmental conditions at significantly lower cost compared to offshore deployments.
To address this a number of Blade Element Momentum Theory (BEMT) techniques, originally derived from Glauert's propeller theory [6] , have been introduced. BEMT [6, 7] is an analytical approach which uses tabulated aerofoil data to perform analysis. This technique is extensively used in the wind industry due to the simplicity of the model, and the agreement of its results with measured data [8] . The BEMT model has also successfully been applied to Horizontal Axis Tidal Turbines (HATTs). A typical HATT may see several complex flow scenarios throughout its operational range and therefore, a number of empirical corrections have been developed to better correlate the BEMT model with experimental results [9] . These include corrections for yawed rotors, hub losses, tip losses, and heavily loaded rotors.
A significant limitation of the BEMT method is the inability to simulate the local velocity field, and thus perform analysis on the downstream wake characteristics. Where this is required, alternative modelling methods need to be employed. One alternative is the transient CFD simulation of a HATT with fully resolved hydrofoil geometry. However simulating fully resolved HATT geometry for a time period great enough to resolve a fully developed wake, and accurately predict power and thrust characteristics [10] , is computationally very expensive [11] .
An alternative to the transient fully resolved geometry of a HATT is the steady state, or time averaged, Blade Element Momentum CFD (BEM-CFD) computational model [12e14] . This model combines elements of BEMT with CFD simulation techniques to resolves the hydrofoil's effect on the flow in a steady state simulation. This technique significantly reduces the computational cost of simulating HATTs. The advantage of the BEM-CFD method is the prediction of a time averaged downstream velocity field, in particular the downstream wake.
Although the current BEM-CFD methods can predict the power and thrust available at the turbine, recent comparisons with experimental data [15, 16] highlight the need for further investigation into the accuracy of this type of model. Of particular interest is the assumption that correction factors applied to the BEMT analytical model, as discussed in Ref. [9] , are directly transferable to the BEM-CFD numerical model.
In the case of a three dimensional finite hydrofoil geometry, pressure differences between the upper and lower surfaces induce flow spillage at the tip. In turn this motion generates the tip vortices as described in Ref. [6] . This spillage has a knock on effect across the full span of the hydrofoil, and thus reduces its efficiency with the greatest losses towards the tip. The BEM-CFD model averages the effect of a hydrofoil over a complete rotation, therefore there is no upper and lower surface to propagate the flow resulting from a pressure difference. In Ref. [16] the authors reasoned similarly and thus added the Prandtl tip loss factor to the momentum source terms of the BEM-CFD model. They then compared the power and thrust coefficients to experimental results published in Ref. [17] .
In classical BEMT implementation the model correction factors are applied directly to the axial and tangential induction factors, as demonstrated by Ref. [9] . From this the forces acting on the hydrofoil are computed. In the case of the Prandtl tip loss factor, the effective force on the hydrofoil is reduced towards the tip. If this is applied to BEM-CFD in the same way, as in Ref. [16] , the effect of the hydrofoil on the flow is reduced. If the annular stream tubes close to the tip are considered in detail, the implementation of a tip loss as reduction in reactive force from the hydrofoil allows the fluid to pass the hydrofoil with little momentum change. Although this is not an issue for BEMT as the velocity field is not simulated, this is a significant issue for the BEM-CFD method as accurate results are dependant on the correct flow characteristics in this area.
To address these challenges, this work introduces and investigates the effectiveness of a revised BEM-CFD model based on elements of Prandtl's analytical lifting line theory as defined in Ref. [6] . This work proposes modifying the angle of attack, and thus the distribution of downwash across the hydrofoil, as a result of the tip constraints outlined in Prandtl's lifting line theory, i.e. the zero lift angle of attack at the hydrofoil tip. The revised model is compared to existing BEM-CFD methods and validated against experimental data. The revised BEM-CFD method presented in this work shows a significant improvement over previous BEM-CFD methods when predicting power and thrust. This approach deals appropriately with the tip losses encountered with a hydrofoil of finite length, and significantly improves the formation of the local velocity field. The revised BEM-CFD model is compared to; the classical BEMT method, the BEM-CFD with Prandtl tip loss applied directly to the momentum source terms, and experimental data. This paper introduces the revised model in Section 2, defines a case study in Section 3, discusses the comparative results in Section 3.4, forms conclusions in Section 4, and finally highlights the potential future work in Section 5.
The numerical model
This section introduces the revised numerical model for predicting the performance of HATTs (Horizontal Axis Tidal Turbines). The model is a hybrid analytical, BEM, and CFD computational model. First is a short discussion of the CFD process, governing equations and turbulence models (Section 2.1). The following section revisits the standard BEM-CFD approach (Section 2.2), as described by Ref. [14] . Following this a description of the revised model for improving the prediction of potential power and thrust generation (Section 2.3) is provided.
CFD and the governing equations
CFD simulations are conducted using Physica, a framework for multi-physics Computational Fluid Dynamics and Computational Solid Mechanics [18] . Linking the CFD flow domain to the BEM model is achieved by additional source terms included within the conservation of momentum equations of the Physica finite volume solver. The solver uses steady state Reynolds averaged incompressible Navier-Stokes equations with a range of turbulence model options including K-Epsilon, K-Epsilon RNG, and K-Omega. Physica has been developed by Ref. [19] . An alternate implementation has also been developed in OpenFOAM [20] .
The CFD model requires the solution of the Navier Stokes equations representing the conservation of mass and momentum. These equations are expressed as follows:
where r is the density, v ! is the velocity vector, v i is the ith component of the velocity vector, m l and m t are the laminar and turbulent dynamic viscosities respectively, and S i includes an additional source representing the moving rotor. A widely used method for simulating the effect of turbulence on the mean flow, at the sub grid level, is the k-ε turbulence model [21] . Although this model is relatively simple, stable, and requires modest computational cost, it is limited by the single length scale used to calculate the viscous properties of the turbulent fluctuations. Diffusion, as a result of the turbulent fluctuations, does not occur at just one length scale. The k-ε RNG model [22] tries to address this issue by utilising statistical analysis to describe the set of turbulent length scales. Although these models regard turbulence as being isotropic in nature, in rotational flow, such as found in turbine wakes, the turbulent eddies are likely anisotropic. Higher order models, which include the Reynolds stress model or large eddy simulation, can better predict the turbulent flow characteristics. These models, however, require greater computational expense.
In this work the focus on performance of turbine rotors, rather than flow structures of the highly turbulent near wake region immediately downstream of the device, justifies the use of the k-ε RNG model. In this model two equations are solved; k represents the energy contained within the turbulent fluctuations, and ε represents the dissipation rate of this energy. The equations for the transport of these variables are similar in form to the momentum equations:
where:
These equations are used to calculate a turbulent viscosity:
In Equations (3), (4) and (6); s k , s ε , C 1ε , C 2ε , C m , b, and h 0 are taken to be constants, and G represents the turbulent generation rate. The viscosity components of the k and ε equation diffusion terms, are effectively the sum of the laminar and turbulent viscosities.
The BEM-CFD method
Fluid flowing over the surface of a body has a force exerted on it. Of interest, when describing hydrofoils, are the lift and drag components of this force, see Fig. 1 . Lift is defined as a force perpendicular to the free stream flow direction. Drag is defined as being parallel to, and opposing, the free stream flow direction. These hydrodynamic forces can be described by the following equations:
where F L is lift force, and F D is drag force, r is fluid density, v ! is velocity, A is area, C L is the coefficient of lift, and C D is the coefficient of drag. The coefficients of lift and drag are dependant on the angle of attack, a, the geometric properties of the hydrofoil, and the Reynolds Number. Data for a wide range of profiles is available from a number of sources including [23] . The chord and twist geometric properties, in combination with the profile C L and C D characteristics, are a function of the overall rotor design/performance requirements. The influence of a tidal turbine with multiple hydrofoils (or blades) is averaged over a rotational interval, i.e. the rotor applies the same force to all locations at the same radial distance from the rotor centre on a given axial plane. The magnitude of these forces are a function of the hydrofoil geometry, its hydrodynamic properties, the quantity of hydrofoils, and their speed relative to the flow.
The BEM-CFD model is formulated such that the relevant characteristics of the hydrofoil are introduced through additional source terms appended to the momentum equation, see Section 2.1. Due to the Reynolds averaged nature of the solution, transient flow features caused by the hydrofoil position fail to be resolved. These include tip vortices, the laminar to turbulent transition across the hydrofoil surface, flow separation, and turbulence generation along the downstream part of the hydrofoil. Fig. 1 shows how a turbine with three hydrofoils is discretised for use with the blade element method. The hydrofoil properties are determined at radius r i , and then averaged over 2p radians. This process is repeated for each hydrofoil element over the interval [r 0 ,r max ].
The fluid applies axial and tangential forces to each element as illustrated in Fig. 1 . Here F T is the tangential force and F A represents the axial force. The lift and drag forces, F L and F D respectively, are dependent on the effective angle of attack a e . This is the angle between the hydrofoil element and the resultant velocity v ! r . Based on the approach in Ref. [7] , an axial force on a hydrofoil can be defined as follows:
and the tangential force on a hydrofoil can be defined as:
where f is the flow inclination angle defined by:
Here v t and v a are the tangential and axial velocities respectively, and u is angular velocity [rad/s]. The variation in lift force dF L , and drag force dF D , acting along the hydrofoil radius are given as follows:
where C L and C D are the lift and drag coefficients respectively, c is the chord length, and:
Substituting Equations (12) and (13) into Equations (9) and (10) gives the following:
which, when resolved to Cartesian components and converted to force per volume, are combined with the momentum equation (Section 2.1 Equation (2)) as the source term S i .
The analytical augmentation of BEM-CFD
In Section 2.2 it is noted that the flow features associated with a transient CFD simulation of fully resolved hydrofoil geometry, are not present in a steady state BEM-CFD simulation. One particular characteristic of interest is the vortex generated at the hydrofoil tip. The vortex is the result of pressure differentials between the upper and lower surfaces of the hydrofoil. The difference in pressure encourages flow to pass from the lower surface to the upper around the hydrofoil tip. This motion, combined with the oncoming free stream flow, generates the trailing tip vortex.
The trailing vortex structures emanating from the tip of the hydrofoil have a negative impact on overall lift efficiency. This is due to the velocity direction not remaining planar to the hydrofoil profile, i.e. it is propagating towards the tip. Another observed effect is the change in angle of attack relative to an idealised infinitely long 2D hydrofoil. Ref. [6] states that the angle of attack is reduced to the zero lift condition at the tip of a wing (or hydrofoil), and also describes the distribution of this change in angle of attack along the length of a wing (or hydrofoil). This section starts with a summary of the analytical approach for estimating this effect, and then follows with a description of the revised model for capturing the effect of efficiency loss due to the generation of trailing tip vortices.
Downwash, induced angle of attack, and Prandtl's classical lifting line theory
The field of aerodynamics describes the lift force on a wing as the result of a pressure differential between the lower and upper wing surfaces. The associated difference in flow speed above and below the wing section can be characterised as circulation (or vorticity). The net effect of the induced circulation is to deflect the airflow in a downward direction. This downward deflection is known as downwash.
Circulation theory, see Ref. [24] , states that the lift force of a wing of constant section and unit span is calculated thus:
where r ∞ is free stream density, v ∞ is free stream velocity magnitude, and G is circulation. The downward velocity induced by the circulation is defined as:
w ¼ G=ð2phÞ (18) where w is the downwash velocity magnitude at a given distance h from the centre of vorticity rotation. Fig. 2 shows the geometric angle of attack a is made up of two components. The induced angle of attack, a i , quantifies the angle of downward deflection as a result of the induced downwash. The induced angle of attack can be computed thus:
The following relationship defines the effective angle of attack
The subject of wing tip vortices is described by Refs. [6, 24] . The vortices are essentially weak tornadoes that trail downstream of the finite wing. These wing tip vortices downstream of the wing induce an additional small downward component of air velocity in the neighbourhood of the wing itself. This additional downward component, or additional downwash, varies across the full span of a finite wing. Prandtl's classical lifting line theory, as detailed in Ref. [6] , describes this phenomena in terms of an infinite number of horseshoe vortices distributed across the wing span, compounded towards the root of the span. This gives rise to the notion of a trailing vortex sheet.
The spanwise component of the velocity vector on the upper surface is directed from tip to hub, and the opposite direction (from the hub to tip) on the lower surface. The physical effect of the resultant shear at the trailing edge is the development of a trailing vortex sheet that contains vorticity. The theory states that for a finite wing, a e at the wing tip is constrained as the angle of attack at which F L ¼ 0, or a FL¼0 . This then influences the distribution of downwash across the span. The theory demonstrates methods for calculating the span wise distribution based on the geometric properties of the wing. Ref. [24] discusses a generalised elliptical distribution, derived from an elliptical wing planform, that is a reasonable approximation for the commonly used tapered wing planform. In summary, the distribution of vortex induced downwash takes an elliptical form from root to tip, with the tip constraint of a FL¼0 .
Application of lifting line theory to BEM-CFD
From Equation (11) the flow inclination angle is computed relative to the free stream flow direction, which when subtracted from the hydrofoil twist angle gives the effective angle of attack, see Figs. 1 and 2. The tangential component of this equation includes both the geometric (ur) and deflection (v t ) quantities. Here ur is the rotational velocity at the given radius and calculated from the Tip Speed Ratio (TSR) [8] of the rotor, and v t is the tangential velocity of the deflection relative to the free stream velocity direction, which is solved numerically. The angle between these two components is known as the induced angle of attack a i or downwash angle, see The BEMT method for predicting turbines encapsulates this same phenomena with the tangential induction factor (commonly represented by a' or b). The tangential induction factor represents the deflection (or downwash) of the flow. With the BEMT theory, the tip losses associated with the tip vortices are corrected with the use of the Prandtl tip loss factor, see Refs. [9, 16] . The tip loss factor is applied to the induction factors effectively reducing the transfer of force to the hydrofoil towards the tip. This method works well for BEMT as the velocity field itself is not computed. However for BEM-CFD, reducing the transfer of momentum from the fluid to the hydrofoil also reduces the deflection of the flow towards the tip of the hydrofoil. This scenario is not a good fit for the established effect on the flow field in this region, and thus produces a poor correction to the current BEM-CFD model to account for tip losses. The effect of the Prandtl tip loss correction applied to BEM-CFD, is very well described in the work by Ref. [16] .
To better account for the effect of tip vortices on the flow field, Prandtl's classical lifting line theory is drawn upon to compute an additional source term which represents the additional downwash caused by the tip vortices. This is achieved by computing the additional downwash velocity, w ! a , required to change the currently computed a e to equal a FL¼0 . The influence of w ! a is then weighted by the elliptical distribution function E(r). E(r)2[0,…,1] is an elliptical function which returns a value between zero (at the tip) and one (at the root) for a given radius r (or span wise distance from the root). The resultant downwash velocity is then used to compute an additional reactive force:
where dF v is the additional downwash force required to achieve the flow deflection so that w ! a is correct at the trailing edge. This is implemented through S v , the additional source term which, when resolved to Cartesian components and converted to force per volume, is combined with the momentum equation (Section 2.1), as an addition to the source term S i .
The source term S i is a three tuple representing the change in kinetic energy per unit volume (or dynamic pressure) in Cartesian space i.e. Àp/x i in Cartesian coordinates [18] . The scalar terms S a and S t are the magnitudes of kinetic energy per unit volume in the axial and tangential directions. In addition the source term S v represents the additional downwash force. The source term S i is computed thus:
where b v a is the axial unit vector, b v t is the tangential unit vector, and c v w is the unit vector normal to a FL¼0 , residing on the plane defined by b v a and b v t . The application of this method is restricted to horizontal axis tidal turbines with open ended hydrofoils, i.e. a turbine design which does not incorporate an outer ring, or ducting. The elliptical lift distribution is an approximation for tapered hydrofoils, thus use of this method on hydrofoils which move away from the tapered concept are likely subject to increased simulation error. The important points to consider when using this method is the determination of the correct angle of attack at zero lift condition for the desired hydrofoil geometry, and correctly determined Reynolds numbers and related lift and drag coefficients to better represent the hydrofoils.
Power, thrust, and turbulence measures
This subsection describes the power coefficient C P , thrust coefficient C T and turbulence intensity Ti measures used in the remainder of this work. The rotor assembly thrust correction computation, used to correct the experimental assembly thrust data, is also defined here.
Power coefficient
The power coefficient C P is defined as the ratio of power extracted by the rotor hydrofoils, and the maximum available power from flow. To obtain a representative assessment of the incoming flow to the turbine, the flow region is sampled two diameters upstream. The area used to find the average velocity at this location is equivalent to the swept area of the rotor. This technique captures any velocity gradients which may be present in the water column. The power coefficient is represented by:
where A is the area of the incoming flow, j v ! j is the disk averaged velocity magnitude sampled two diameters upstream of the rotor, and P is power defined as: 
Here u is angular velocity, and T q is torque defined as:
where r is radius, and F T is tangential force.
Thrust coefficient
The thrust coefficient C T is defined as the axial force acting upon the turbine as compared to the kinetic energy of the incoming flow. This can be represented by:
where F A is axial force.
Thrust correction computation
The thrust force measured in the experimental results [25] actually includes the axial force on the whole structure, i.e. the hydrofoils, the nacelle, and the mast. However, Equation (9) only considers the thrust on the hydrofoils. To correct for this an approximation of the thrust force is calculated, and then added to T h . This revised value can then be used to calculate an approximation of the experimental thrust coefficient C Te :
where F m is the nacelle and mast axial force, and F A þ F m is the total axial force acting on the complete rotor assembly. F m is the simple addition of drag forces where the mast is represented as a cylinder with C D ¼ 1.17 and the nacelle represented as a bullet with C D ¼ 0.295.
Turbulence measures
The turbulence in the experimental study by Ref. [25] is characterised by the use of the turbulence intensity measure. Turbulence intensity (Ti) is the ratio of root mean square turbulent velocity fluctuations over the mean velocity:
where j v ! j is the mean velocity, and v ! 0 is the root mean square turbulent velocity fluctuations:
where k is the turbulent kinetic energy.
Case study: IFREMER tidal turbine experiments
Studies by Refs. [17, 26] evaluate the performance of tidal turbines, while investigations by Refs. [9,14e16,27] validate numerical or analytical models with experimental results. The work by Ref. [25] is of particular interest for the validation of the revised BEM-CFD model.
In this research the experimental work of [25] for a single tidal turbine is compared with various implementations of BEM-CFD. In the following subsections the computational domain and boundary conditions are described, and a mesh sensitivity study is presented. In the results subsection comparisons of; the original BEM-CFD model, the BEM-CFD model with Prandtl tip loss factor, the revised BEM-CFD model described in Section 2, the BEMT model presented by Ref. [9] , and the Ref. [25] experimental results, are evaluated with respect to performance and near wake characteristics.
Geometries
The geometry of the flume is represented using a cuboid computational domain. The domain is 18 m in length (x-axis), and represents the main section of the flume, as illustrated in Fig. 3 . The domain depth is 2 m (z-axis), while the width is 4 m (y-axis), as illustrated in Fig. 4 . The rotor is located in the centre of this domain (location 0,0,0), with the nacelle trailing downstream, as illustrated in Fig. 5 .
Figs. 5 and 3 show the layout of the nacelle and the blade box area which is utilised by the BEM-CFD code. The blade box represents a rotor of 0.7 m in diameter, with the thickness of the blade box fixed at 0.04 m. Comparative work considering the inclusion vs. exclusion of a mast structure within the flow is studied in Ref. [28] . With this in mind, and due to the increase in mesh complexity and computational cost, this feature has not been included in the model.
Boundary conditions
In all the test cases presented in this paper a plug flow inlet velocity condition of 0.8 m/s or 1.2 m/s in the x-axis direction is imposed; this best reflects the inflow condition of the experiment in Ref. [25] . A reference pressure of 0 Pa is imposed on the outflow boundary. The dynamic pressure field is calculated relative to this condition. No-slip boundary conditions are applied to the turbine nacelle, to the base, and to the side walls of the channel. An initial wall cell height of 0.005 m provides a non-dimensional wall distance for a wall-bounded flow, i.e. y A symmetry boundary condition is imposed at the top of the domain, simulating open water conditions. In the mesh independence studies the turbine is operating close to an optimal design TSR of 4.5 based on the local velocity at the rotor.
Mesh sensitivity study
The sensitivity of results relative to change in mesh density is an important study. From a computational cost point of view, a reduction in the density of the mesh improves the computational cost and thus time. Conversely, an increase in density can assure mesh independent results particularly in regions of complex flow behaviour. The use of a coupled BEM-CFD model requires a region to be defined in the mesh that is detailed enough to support representation of time averaged rotor characteristics. The downstream wake structure is also complex in nature, and thus needs to be treated similarly.
For this case study the required mesh structures are generated utilising blocking techniques. To achieve the required densities through the domain, and adequately capture the rotor and wake region, the domain is divided into a set of subdomains labelled A to C, as illustrated in Fig. 3 . The subdomain labelled B is further subdivided, and labelled B1 to B8. An O-grid structure is then defined, which runs the length of the domain capturing the rotor, and approximating the area of the wake, as illustrated in Fig. 4 .
Densities are defined for each of the zones, A to C, with reference to the x-axis. The y-axis and z-axis densities are a function of the Ogrid parameters, as illustrated in Fig. 4 . Table 1 defines the range of densities for each of the zones along the x-axis, the parameters for the O-grid, and the number of elements contained within each of the mesh definitions.
The first attributes of interest are the coefficients with respect to the rotor operation and power extraction. The coefficients of power C P , and axial thrust C T are measures of the efficiency of power extraction from the water. Definitions for these terms are presented in Section 2.4. Stabilisation or convergence of the coefficients occurs at approximately 3000 iterations. It can be seen in Fig. 6 that the coefficients tend to stabilise around mesh density number 2, and remain consistent thereafter.
The velocity variation resulting from changes in mesh density is the next attribute considered. Fig. 6 illustrates velocities at seven locations within the domain. These locations are detailed in Table 2 . The velocity field resolves from approximately 18,000 iterations for mesh number 1 to 25,000 iterations for mesh number 5. The velocities at the specified locations can be seen to stabilise around mesh density number 3, and then remain consistent.
The results of the mesh independence study demonstrate mesh independent results for the velocity field from mesh 3 onwards. However, for accurate representation of the rotor coefficients, independence is reached from mesh 2 onwards. From this study the parameters of mesh 3 produce results which are considered reliably independent. Therefore, the results presented in Section 3.4 have been obtained using mesh 3. 
Results

Comparison of predicted C P and C T with experiment
The C P and C T results used as the benchmark for this study [25] are taken at a flow speed of 1.2 m/s, with a background Ti of 3%, measured at the rotor centre (with rotor removed). These results are labelled 'Experiment' in Fig. 7 .
The BEMT technique is extensively used in industry in part due to the agreement of its results with measured data. The BEMT implementation described in Ref. [9] is used to create comparative data for this study. When comparing the BEMT method to experiment we can see a strong correlation with C P . The under prediction observed by this method is a result of the blockage effect not simulated with the BEMT approach. The blockage effect, caused by the finite dimensions of the flume cross section, has the consequence of forcing additional flow through the rotor thus artificially raising performance. The blockage ratio for this study is approximately 4.8%. An interesting observation of this comparison, is the smaller than expected difference the blockage effect has in this case study.
In contrast to the BEMT results, the original BEM-CFD method used in Ref. [14] shows a significant over prediction of C P above TSR 2.5. These results are supported with comparative work by Ref. [15] who see similar trends with a standard BEM-CFD model. The BEM-CFD model using the Prandtl tip loss factor, as implemented in Ref. [16] , shows a general reduction in prediction of C P compared to the original BEM-CFD model. However, the trends observed are not in line with the experimental results indicating that it may not be appropriate to use the Prandtl tip loss factor with the BEM-CFD method. The results obtained using the revised BEM-CFD method (as described in Section 2) are also presented in Fig. 7 . A close correlation between predicted and experimental values for C P is observed for this method. It is observed that the predictions of C T obtained from the different models, are lower than the experimental values, Fig. 5 . This schematic shows a side view of the rotor configuration. The nacelle is geometrically modelled whereas the blade area (subzone B4 in Fig. 3 ) is constrained with a dense mesh to support the BEM-CFD model. Table 1 This table defines the number of elements in the x-axis direction for zones A to C, as defined in Fig. 3 , and the number of elements along the edges D1 to F3, as defined in Fig. 4 . For each mesh the total quantity of elements is included. 6 . Coefficients of power and thrust plotted against mesh number from coarsest to finest. Velocity at a number of locations specified in Table 2 , plotted against mesh number from coarsest to finest. particularly in the low TSR range. This is due to the fact that the experimental thrust results are derived from a 6 component load cell located between the assembly mast and rig. As a result of this, the experimental C T includes the axial force on the whole structure, i.e. the hydrofoils, hub and mast.
Corrected revised BEM-CFD C T values, calculated using a very simplified representation of the assembly (see Section 2.4.3), are also presented in Fig. 7 and demonstrate a reasonable correlation with the experimental data. However, the method of approximation is likely subject to error due to over simplification, and thus the values should be treated with the appropriate caution. The BEMT C T data shows a small under prediction compared to the revised BEM-CFD C T results, however this is due to the BEMT method not capturing the blockage effects of the flume geometry. The original BEM-CFD C T data shows a significant over prediction above TSR 2.5 compared to the revised method, while the Prandtl tip loss BEM-CFD C T data shows a significant under prediction across the whole range. Fig. 8 shows the distribution of C P and C T along a sample line from hub centre to a radial location of 0.7 m for the original, Prandtl tip loss and revised BEM-CFD methods. The distribution trend for the first two thirds of the hydrofoil is similar for the original and Prandtl tip loss BEM-CFD methods, while the last third differs. The distribution for the revised method shows a steadily increasing difference. Both the Prandtl BEM-CFD and the revised BEM-CFD methods show a reduction in C P and C T as compared with the original method.
In summary, the revised BEM-CFD method correlates well with the industry recognised BEMT model for both C P and C T . The observed differences are due to blockage effects, i.e. BEMT does not include a method for capturing their effects on performance. The revised BEM-CFD method also correlates well with the experimental data for both C P and C T , when the mast and nacelle correction is applied.
Comparison of predicted inclination angle, and turbulence
The previous subsection looked at the distribution of C P and C T along a sample line from hub centre to a radial location of 0.7 m. This subsection examines the rotor disk outflow angle and the distribution of turbulence intensity along the same sample line. Fig. 9 shows the distribution of disc averaged flow inclination exiting the blade area relative to the rotor disc plane. Both the original and revised BEM-CFD methods have similar trends, with the revised method showing a slight increase in angle of inclination. The Prandtl tip loss method however significantly falls toward zero outflow angle in the last third of the hydrofoil. Fig. 10 highlights an interesting observation of the distribution of turbulence along the hydrofoil. It can be seen that the Prandtl tip loss method again doesn't follow the same trend as the original and revised BEM-CFD methods. Although initially higher than the original method, the Ti drops off significantly towards the hydrofoil tip. The revised method demonstrates a significant increase in Ti along the hydrofoil, peaking towards the hydrofoil tip region.
Turbulence generation, in part, is a function of the shear stress associated with velocity gradients. Along the hydrofoil, and particularly at the tip, there is an increased deflection of the flow with respect to the free stream velocity. This in turn increases the velocity gradient in the region of the hydrofoil, and thus the turbulence generation rate.
Observations of the near wake region
The distribution of axial velocity magnitude and turbulence intensity in the region behind the rotor is a time averaged approximation of real flow phenomena. The results in Fig. 11 highlight two main characteristics of interest when comparing the velocity fields. The first is the velocity deficit and second is the wake boundary velocity gradient. The results in Fig. 11 show the velocity deficit in the revised BEM-CFD method is greater than observed in the original and Prandtl tip loss methods. The Prandtl tip loss method shows the smallest deficit in the near wake region. The rate of change of velocity magnitude at the wake edge is smaller in the Prandtl tip loss method, and greatest in the revised method.
These characteristics support the results observed for the near wake turbulence intensity in Fig. 12 . The effects of the turbulence distribution at the rotor plane shown in Fig. 10 can effectively be seen propagating downstream. The increase in turbulence intensity for the revised BEM-CFD method, particularly at the wake boundary, has the effect of improving wake recovery. Figs. 13e15 , demonstrate the velocity deficit in the wake from the revised BEM-CFD correlates well, although very symmetric, with the experimental results from Ref. [25] . It can be seen in Fig. 14 the velocity deficit distribution holds well with experiment, the greatest deviation is close to the rotor at 1.2 diameters downstream. The turbulence intensity comparisons in Fig. 15 show similar trends with correlation improving further downstream.
Conclusions
When compared to the experimental data published by Ref. [25] , the revised BEM-CFD method, described in Section 2.2, shows a significant improvement over previous BEM-CFD methods when predicting power and thrust. The revised method also compares favourably with the industry recognised BEMT method. Differences in predictions are accounted for as a result of flow blockage effects captured by the BEM-CFD method.
Comparing the three BEM-CFD methods, a study of the distribution of C P , C T , wake inclination angle, and turbulence intensity along the radius of the disk averaged hydrofoils was conducted. It is observed that the steady change in distribution along the length of the disk averaged hydrofoils, compared with the original BEM-CFD method, hold with the concept of a steadily changing downwash angle increasing towards the hydrofoil tip. The comparison also demonstrates that the Prandtl tip loss BEM-CFD method doesn't correlate well with observations of experimental results [25] . This is because the Prandtl tip loss BEM-CFD method effectively reduces the momentum extracted from the local flow towards the hydrofoil tip, thus allowing the flow to continue unaffected by the rotor. This significantly reduces the flow inclination exiting the rotor area, and has an additional effect of reducing the velocity gradient at the wake boundary. This in turn affects the quantity of shear generated turbulence at the wake boundary.
In previous work additional source terms are added to increase the wake recovery rate [29] . However this may be unnecessary with the revised BEM-CFD model, due to the consequence/byproduct of increased turbulence generation. The increase in turbulence intensity in the rotor region, in particular at the wake boundary, will increase the rate of momentum transfer into the downstream wake thus improving the recovery without additional empirical turbulence source terms.
In summary, good correlation with experimental results for power, thrust, and wake prediction, is observed using the revised BEM-CFD model. This model also gives good correlation with the industry recognised BEMT method for open hydrofoil horizontal axis tidal turbines.
Future work
The under prediction observed away from the optimum working range (mainly observed in the thrust curve for this geometry) is likely due to a combination of the simplified lift distribution, i.e. an ellipse, and sensitivity to Reynolds number related lift and drag. A study into methods for better predicting the lift distribution would benefit this research, as would an investigation into the influence of Reynolds number on lift and drag characteristics for a range of TSR and flow speed.
Wake characterisation and sensitivity to turbulence is another potential topic of further research, which should include the effects of device scaling, and larger than grid scale turbulence modelling. Further investigations into wake recovery in the down stream region with the revised BEM-CFD method, in conjunction with further investigations into which turbulence models best represent this type of simulation method, should be conducted. This includes investigations into the simulation of increased turbulence within a fixed domain such as a flume.
